Abstract. The Felidae family represents a challenge for molecular phylogenetic reconstruction because it consists of 38 living species that evolved from a relatively recent common ancestor (10-15 million years ago). We have determined mitochondrial DNA sequences from two genes that evolve at relatively rapid evolutionary rates, 16S rRNA (379 bp) and NADH dehydrogenase subunit 5 (NADH-5, 318 bp), from multiple individuals of 35 species. Based on separate and combined gene analyses using minimum evolution, maximum parsimony, and maximum likelihood phylogenetic methods, we recognized eight significant clusters or species clades that likely reflect separate monophyletic evolutionary radiations in the history of this family. The clusters include (1) ocelot lineage, (2) domestic cat lineage, (3) Panthera genus, (4) puma group, (5) Lynx genus, (6) Asian leopard cat group, (7) caracal group, and (8) bay cat group. The results confirm and extend previously hypothesized associations in most cases, but in others, e.g., the bay cat group, suggest novel phylogenetic relationships. The results are compared and evaluated with molecular, cytogenetic, and morphological data to derive a phylogenetic synthesis of field evolutionary history.
Introduction
The evolutionary history of the Felidae has been marked by rapid speciation and extinction rates. The felid fossil record suggests the occurrence of numerous radiations of apparently now-extinct groups during the last 40 million years (Martin 1989) . Modern fields continue to reflect this evolutionary pattern. Although extant felids last shared a common ancestor 10-15 million years ago (MYA) (Martin 1980; Collier and O'Brien 1985; Savage and Russell 1983; Werdelin 1985; Hunt 1996) , fossil and molecular data indicate that modern-day cat species evolved more recently. The oldest fossil records of modem cat species are only 3-5 haillion years old and some first appear <100,000 years ago (Clutton-Brock 1987; Kurten 1967; Savage and Russell 1983; Turner 1985 Turner , 1987 Van Valkenburgh et al. 1990 ). As has been found between human (Homo sapiens), chimpanzee (Pan troglodytes), and gorilla (Gorilla gorilla) (e.g., Sibley and Ahlquist 1987) , felid evolution has occurred too recently for large numbers of ancestral polymorphisms to sort the 38 living cat species into reciprocally monophyletic lineages (Avise 1994; Neigel and Avise 1986; Wu 1991) .
The phylogenetic relationships among the Felidae have been addressed by several studies that employed both morphological and molecular techniques. Early efforts included comparative karyology (Modi and O'Brien 1988; Wurster-Hill and Centerwall 1982) , the genomic occurrence of two felid endogenous retroviruses (Benveniste and Todaro 1974; Benveniste et al. 1975; Reeves and O'Brien 1984) , albumin immunological distance (Collier and O'Brien 1985) , comparative morphology (Salles 1992) , allozyme electrophoresis (O'Brien et al. 1987; Pecon Slattery et al. 1994) , and two-dimensional protein electrophoresis (Pecon Slattery et al. 1994 ). More recently, efforts to resolve phylogenetic relationships have focused on the mitochondrial genome (Janczweski et al. 1995; Johnson et al. 1996; Lopez et al. 1994; Masuda et al. in press) .
These molecular genetic studies support the hypothesis that the 38 field species can be divided into three major phylogenetic lineages (Ewer 1973; Hemmer 1978; Leyhausen 1979; Neff 1982; Collier and O'Brien 1985; Nowak 1991) . The first group, the ocelot lineage, diverged 10-12 MYA and led to seven species of small spotted cats of Central and South America. The second group, the domestic cat lineage, diverged 8-10 MYA and resulted in six species of small cats which are related to domestic cat and originated from the Mediterranean region. Somewhat more recently, the felid species of the Pantherine lineage emerged, including the great cats of the Panthera genus and many medium-sized species such as puma (Puma concolor), cheetah (Acinonyxjubatus), and caracal (Caracal caracal) . The molecular data have suggested certain associations below the three primary lineages that require confirmation but also have left a variety of unresolved or conflicting associations among species of each felid lineage (Janczweski et al. 1995; Johnson et al. 1996; Masuda et al. in press) .
In the present work, we examine mitochondrial DNA sequence divergence from multiple individuals from each of 35 felid species. Samples from the three missing cat species, Andean mountain cat (Oreailurus jacobita), Chinese desert cat (Felis bieti), and Iriomote cat (Felis iriomotensis), were unavailable because they are extremely rare and have very reduced distributions. We expand on earlier efforts to resolve cat phylogeny by analyzing sequences from segments of 16S rRNA and NADH dehydrogenase subunit 5 (NADH-5) mitochondrial genes. These genes exhibit relatively high rates of mutation in carnivores (Lopez et al. submitted) and had not previously been used in studies of felid evolution.
We also build on earlier efforts by analyzing samples from a larger number of species and individuals.
Materials and Methods
Sample Collection and Preparation. Samples were obtained from one to five individuals of 35 felid species (Table 1) . When possible, individuals were chosen from different parts of the geographic distribution of each species. Spotted hyena (Crocuta crocuta), a hyaenid, and ringtailed mongoose (Galidia elegans), a viverrid, were used as outgroups.
Total genomic DNA was extracted from either frozen leukocytes, primary fibroblast cultures from skin biopsies, or from frozen organs (liver, kidney, or ovary) following standard methods described in Modi et al. (1987) and Sambrook et al. (1989) .
PCR Amplification. Nucleotide sequences were obtained by PCR amplification of genomic DNA (Engelke et al. 1988 ; Saiki et al. 1985) $99 using 16S rRNA universal primers (Hoezel and Green 1992) and NADH-5 primers developed by Melanie Culver (Johnson et al. submitted) , each attached with universal-tailed sequencing primers (Applied Biosystems, Inc.). For all primer sets 30 cycles of PCR were performed in a programmable heat block (Perkin-Elmer Cetus DNA Thermal Cycle); each cycle with 1-min denaturation at 92~ 1-min annealing at 48~ and 1-min extension at 72~ Reactions (75 l.tl) were prepared using 7.5 ng genomic DNA in 10 mM Tris-HC1, pH 8.3, 50 mM KCI, 1.5 mM MgC12, 200 ~M dNTP, 2.5 units Thermus aquaticus DNA polymerase, and an upper layer of mineral oil. NADH-5 sequences for lion (Panthera leo), tiger (P. tigris), jaguar (P. onca), leopard (P. pardus), clouded leopard (Neofelis nebulosa), and hyena were obtained by adjusting the annealing temperature to 45~ and using 2.0 mM MgCI 2. PCR products were checked by agarose gel electrophoresis.
Sequence and Phylogenetic Analysis. Reaction products were resuspended in 2 ml dH20 and concentrated with Centricon 100 microconcentrators. Products were sequenced in both forward and reverse directions with a prism dye primer kit and an ABI 373A automated DNA sequencer (Applied Biosystems, Inc.) and consensus sequences (of forward and reverse sequences) were determined using Gene Sequencher computer program (Gene Codes Corporation). Alignments of the consensus sequences were obtained using the algorithm of Needleman and Wunsch (1970) with the PILEUP program of the Genetics Computer Group (University of Wisconsin) computer package and were visually confirmed. Percentage base composition, percentage codon usage, and transition-transversion ratios were estimated using the computer program MEGA (version 1.01; Kumar et al. 1993) .
Genetic differences among all pairs of taxa were estimated by the number of base-pair differences between sequences and by Kimura's two-parameter model (Kimura 1980 ) using the DNADIST program of Phylip (version 3.5; Felsenstein 1993) . NADH-5 sequences were translated to amino acids using the TRANSLATE program of the Genetics Computer Group (University of Wisconsin) computer package.
Phylogenetic trees were constructed using three methods: minimum evolution estimated by the neighbor-joining algorithm (Saitou and Nei 1987) using a distance matrix of Kimura distances, maximum parsimony (Swofford 1993) , and maximum likelihood (Felsenstein 1981) . These methods are based on different evolutionary assumptions and may produce different phylogenetic trees (Huelsenbeck and Hillis 1993; Felsenstein 1993; Sourdis and Nei 1988) . We interpret concordance among these methods as strong support for the resulting phylogenetic patterns. Neighbor-joining and maximum likelihood analyses were conducted using the PHYLIP 3.5 computer package (Felsenstein 1993) . Maximum parsimony analyses were conducted with PAUP, version 3.1.1 (Swofford 1993) with the heuristic search, accelerated transformation options. Bootstrap resampling analyses using the neighborjoining and maximum parsimony algorithms (100 iterations) were performed to test the reliability of the data to derive consistent topologies. Bootstrap proportions >70% were considered to reflect reliable support for each node (Hillis and Bull 1993; Hillis 1995) .
Because of the large range of variation in transition-transversion ratios between gene segments and among felid groups, we tested the effects of different ratios (2:1, 6:1, 10:1, and 14:1) with one individual of each species (as in Fig. 1 ) with both neighbor-joining and maximum parsimony analyses. Phylogenetic analyses based on NADH-5 amino acid sequences also provided less resolution than the combined sequence data. We used combined sequence analyses because results from the two mitochondrial genes were largely similar. This total evidence approach combines the phylogenetic information from both genes (697 bp) and provides additional resolution (Kluge 1989; Huelsenbeck et al. 1996) .
With the species of each of the phylogenetic groups that we identified through these analyses, we estimated the maximum length of time since they last shared a common ancestor. For these calculations we used the previous calibration of feline mitochondrial gene rates which sets the rate of base-pair divergence to be 0.56% and 0.74% per million $100 
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Henry Doorly Zoo, NE National Zoological Park, DC years for 16S rRNA and NADH-5 mitochondrial genes, respectively (Lopez et at. submitted). The calibration is based upon empirical measures of sequence divergence of mutational rates of mitochondrial genes compared to homologous counterpart genes included in Numt (such as 16S rRNA). Numt is a nuclear genomic fossil sequence that represents an ancient transfer and tandem amplification of 7.9 kb of mitochondrial DNA to chromosome D1 of an ancestral species of the domestic cat (Felis catus) (Johnson et at. 1996; Lopez et al. 1994) .
When the 16S and NADH-5 divergence rates are weighted by the number of base pairs used in these analyses, we estimate the composite divergence rate for I6S rRNA and NADH-5 mitochondrial genes to be 0.63% bp/MY.
Results and Discussion
The nucleotide sequence of 379 base pairs of 16S rRNA and 318 base pairs of NADH-5 genes was determined from genomic DNA of 92 individuals of 35 feline species. Homologous DNA sequences were aligned and the pattern and phylogenetic relationships of variation among species were determined.
Sequence Characteristics
For 16S rRNA sequences, 100 of 379 nucleotide sites (26.8%) were variable within the Felidae. The overall ratio of transitions to transversions among all pairs of species was 5.0 but varied widely among comparisons. Base-pair composition was 33.5% A, 23.5% T, 23.0% C, and 20.0% G. Kimura genetic distance values ranged from 0.55% between domestic cat (Felis catus) and African wild cat (Felis libyca) to 10.42% between cheetah (Acinonyx jubatus) and snow leopard (Panthera uncia).
Among the Felidae there were five insertions/deletions in the alignment. Of these, one was a simple adenine repeat which ranged in size from two (in ocelot Leopardus pardalis) to five (in all Felis species except F. nigripes).
For NADH-5 sequences, 164 of 318 base pairs (51.6%) were polymorphic sites within the Felidae. Forty of these were two-fold redundant and 29 were four-fold redundant. Of 105 codons, 50 (47.6%) were variable. The ratio of transitions to transversions among all pairs of species was 12.4 but varied widely among comparisons. Mean base-pair composition at all three positions was 33.8% A, 31.4% T, 27.1% C, and 7.7% G. These percentages varied depending on codon position (position 1: 40.6% A, 29.0% T, 18.7% C, 11.7% G; position 2: 20.3% A, 46.1% T, 27.1% C, 35.4% G; position 3: 40.8% A, 19.1% T, 35.4% C, 4.7% G). Similar biases against guanine in portions of the mitochondria have been described in domestic cat (Lopez et al. submitted) and other nonfelid species (Ikemura 1985; Sharp et al. 1988 ). Kimura genetic differences ranged from 0.1% between domestic cat and African wild cat to 21.8% between jaguar (Panthera onca) and caracal (Caracal caracal).
Initially we examined alignments of a single individual for each gene in 35 cat species plus two outgroup species (Fig. 1) . A genetic distance matrix which lists the actual number of nucleotide substitutions between species for the combined NADH-5 and 16S rRNA sequences plus the Kimura distance between species (assuming a transversion-transition weight of 2.0; see Materials and methods) is presented in Table 2 . The range of combined sequence divergence was from 1.02% Kimura distance (6 bp out of 697 residues) between European wild cat and domestic cat to 13.76% Kimura distance (88 bp out of 697 residues) between jaguarundi (Herpailurus yagouaroundi) and jaguar (Panthera onca) (Table 2) .
Overall Felid Phylogenetic Patterns
Phylogenetic trees constructed from sequence analyses of combined fragments of 16S rRNA and NADH-5 mitochondrial genes from single individuals using three phylogenetic approaches (neighbor-joining method of minimum evolution, maximum parsimony, and maximum likelihood) are presented in Fig. 1 . In general, species' sequences that grouped together in one analysis tended to cluster in the others as well, although hierarchical relationships among these groups were not well resolved. Based upon highly significant (P < 0.01) node resolution with maximum likelihood analysis plus high bootstrap values in both neighbor-joining and maximum parsimony analyses (see below) we recognize eight groupings of cats that will be described individually below. Two species, pallas cat (Otocolobus manul) and marbled cat (Pardofelis marmorata), did not consistently align with other species. Rusty-spotted cat (Prionailurus rubiginosa) and serval (Leptailurus serval) were S103 weakly associated in several of the analyses, but support for aligning them was considered to be poor.
Although definition of the eight groups was comparable among the three phylogenetic methods with the combined 16S rRNA and NADH-5 sequence data, the relative relationships among the eight groups was not consistently resolved (see asterisks in Fig. 1A ,B and collapsed polytomies in Fig. 1C ). The lack of hierarchical resolution among the eight clades was reflected by low bootstrap values for nodes which connected the eight groups. Bootstrap percentages for these ancient nodes ranged from 0 to 41% with the minimum evolution and maximum parsimony methods and were indicated by an unresolved polytomy with the maximum likelihood analysis (Fig. 1) . Previous results suggest that the ocelot lineage was the first felid lineage to emerge, followed by the domestic cat and Pantherine lineages (Collier and O'Brien 1985; Janczewski et al. 1995) .
The quantity of sequence divergence within felid lineages was used to estimate their divergence date, under the assumption of a constant stochastic divergence rate. Using the maximum divergence among sequences from species within a lineage (Table 3 ) and the previously estimated composite rate for feline 16S rRNA and NADH-5 gene mitochondrial substitution (see Materials and Methods), we estimated the time required to accumulate the observed level of sequence divergence for each lineage and compared it to the fossil record for species within these lineages (Table 3) . We discuss the findings for individual lineages below.
Ocelot Lineage
Analyses of mtDNA sequence divergence among multiple individuals of the ocelot lineage species defined three distinct subgroups, each with bootstrap support of >95% with both neighbor-joining and maximum parsimony analyses (Figs. 1, 2) . The first subgroup to diverge was composed of ocelot (Leopardus pardalis) and margay (L. wiedii). Sequence variation among ocelots was relatively high. Ocelots from Central America and Mexico differed from ocelots from Brazil by 12 bp (2.65% difference). The second subgroup within the ocelot lineage consisted of Geoffroy's cat (Oncifelis geoffroyi) and kodkod (O. guigna). Finally, tigrinas (Leopardus tigrina) formed two distinct groups. First, tigrinas from southern Brazil were closely associated with pampas cats from Argentina and Chile. The second group consisted of a divergent group of tigrinas from Colombia and Costa Rica which formed a distinct and genetically polymorphic group. Brazilian tigrinas differed from those from Costa Rica and Colombia by 49 bp (5.68%) compared with only 7-9 bp (0.6--1.3%) difference between Brazilian tigrinas and pampas cat (Table 2) . A similarly large degree of intraspecific variation was apparent among tigrina using mtDNA RFLP, although (Johnson et al. 1996) . Pampas cat and Brazilian tigrina currently are distributed in southern South America and are potentially separated from the other tigrina group by the Amazon River Basin.
The observed monophyly of the ocelot lineage is consistent with analyses of cytogenetic, molecular genetic, and morphological characters (Collier and O'Brien 1985; Glass and Martin 1978; Modi and O'Brien 1988; O'Brien et al. 1987; Salles 1992 
Domestic Cat Lineage
Analyses of sequence divergence among several individuals from each species of the domestic cat lineage revealed a recently diverged group consisting of domestic cat (Felis catus), European wild cat (F. silvestris), African wild cat (F. libyca), and sand cat (F. margarita), and a more ancient association of these species with black-footed cat (F. nigripes) and jungle cat (F. chaus) (Figs. 1, 3) . Our data suggest that black-footed cat was the first species of the lineage to diverge, followed by jungle cat. Inclusion of black-footed cat within the domestic cat lineage was affected by the choice of nonfelid outgroups. Black-footed cat sequences had a strong similarity to mongoose (Galidia elegans) and thus tended to be less closely allied with the other domestic cat species when mongoose was an outgroup species (data not shown). Bootstrap support for the clade composed of sand cat, domestic cat, and European and African wild cats was strong (100% for both neighbor-joining and maximum parsimony methods). The sand cat consistently diverged first, while domestic cat, European wild cat, and African wild cat formed a polytomy, with 1-11 bp separating the three species and only 1-6 bp separating domestic cat and European wild cat individuals Table 2 ). The lack of resolution among the domestic cat and samples of the two wild cat species indicates very recent species radiation and may also reflect periodic hybridization and/or the domestication of cats in several places during different time periods. These results support recent suggestions to classify African wild cat and European wild cat within a single species, Fells silvestris (Nowak 1991; Wozencraft 1993) , as well as the recommendation to subsume domestic cat into Fells silvestris, because domestication from F. silvestris occurred within the last 4,000 years (Randi and Ragni 1991) .
These proposed pbylogenetic patterns (Fig. 3) generally corroborate findings from other genetic studies (Collier and O'Brien 1985; Masuda et al. in press; O'Brien et al. 1987 ) including the presence of two endogenous retroviruses, RD114 and FeLV, in the genomes of domestic cat lineage species: F. silvestris, F. catus, F. libyca, F. margarita, F. chaus, and F. nigripes (Benveniste et al. 1975 , Benveniste 1985 . Another supportive cladistic genomic character is the incorporation of a tandem amplification of mtDNA on nuclear chromosome D2 in each domestic cat lineage species except black-footed cat (Johnson et al. 1996; Lopez et al. 1994 Lopez et al. , 1996 . 
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Biogeographic evidence also supports this taxonomic hierarchy. The recent evolution of species from the domestic cat lineage is centered around the Mediterranean Basin, with black-footed cat being confined to arid parts of southern Africa and jungle cat ranging from Egypt to Thailand (Clutton-Brock 1987; Kurten 1968) . Between these regions, African and European wild cats and sand cat are distributed throughout most of Africa (except in tropical rainforests), in southern Europe west to Pakistan, and in some of India and Afghanistan. We estimate that the mitochondrial genes of the domestic cat lineage last converged to a common ancestor 6.0 MYA (Table 3) .
Panthera Genus
Bootstrap support joining combined mtDNA sequences from the five Panthera species and clouded leopard (Neofelis neofelis) was high (Figs. 1, 4) . Clouded leopard was consistently the most ancient divergence of this group, followed by snow leopard (Panthera uncia). There was poor resolution among the other four Panthera species, however, as reflected by bootstrap values of <70% for all internal nodes and by lack of consistency between the three phylogenetic methods. Further, associations previously suggested by mtDNA RFLP and cytochrome b and 12S rRNA sequence data (Janczewski et al. 1995; Johnson et al. 1996) , such as between lion (P.
leo) and leopard (P. pardus), were not supported with the present data.
Support for a monophyletic clade composed of Panthera species is abundant from morphological (Neff 1982; Peters and Hast 1994; Salles 1992 ) and genetic studies, but genetic support for specific relationships among Panthera species has been equivocal (Janczewski et al. 1995; Johnson et al. 1996; O'Brien et al. 1987) . Lack of resolution among these large cats is not unexpected due to the relative recency of the Panthera genus divergence, whereby large portions of the observed variation results from shard ancestral polymorphisms or synplesiomorphies which are inherently uninformative. We estimate that mitochondrial gene sequences of the Panthera group (including clouded leopard) last shared a common ancestor 6.0 MYA (Table 3) . If the fossil estimates of Panthera originat 2-3 MYA are accurate (Turner 1987) , the radiation was likely polyphyletic, perhaps explaining our failure to resolve the internal branch nodes with mitochondrial sequences.
Puma Group
Mitochondrial DNA sequences combined from 16S rRNA and NADH-5 identified a monophyletic grouping of puma (Puma concolor) with jaguarundi (Herpailurus yagouaroundi) and a more ancestral association with cheetah (Acinonyx jubatus) (Figs. 1, 5 ). There was a suggestion of a common ancestor between the puma group and the Lynx genus with the combined data sets (Figs. 1, 5 , Table 4 ). The relatedness of cheetah and puma was strongly suggested from cytochrome b and 12S rRNA sequence data (Janczewski et al. 1995) , although protein electrophoretic (O'Brien et al. 1987 ) and albumin immunological distance data (Collier and O'Brien 1985) did not reveal such an association. A1- though cheetahs are currently restricted to Africa and Iran, well separated from puma and jaguarundi in the Americas, North American fossil specimens (2-3 MYA) have been suggested to link these species (Adams 1979; Orr 1969; Van Valkenburgh et al. 1990 ). We estimate that this is a relatively ancient lineage, whose three member species last shared a common ancestor 8.25 MYA based upon mtDNA gene divergence (Table 3) .
Lynx Genus
The Lynx (Table 3) .
Leopard Cat Group
Mitochondrial sequences from Asian leopard cat (Prionailurus bengalens&), fishing cat (Ictaiturus planiceps), and flat-headed cat (Ictailurus planiceps) were closely related and formed a strongly supported clade with each of the phylogenetic methods (68-92% bootstrap support) (Figs. 1, 6 ). Flat-headed cat apparently diverged from a common ancestor of both leopard cat and fishing cat. The association of these three species was also corroborated by albumin immunological distance data (Collier and O'Brien 1985) and by 12S rRNA and cytochrome b sequence data (Masuda et al. in press), although these data suggested fishing cat diverged earlier from a common ancestor with the other two species. There is little fossil data for Asian leopard cat, fishing cat, or flat-headed cat, but their close affinity is not surprising based on their current distributions. They are sympatric throughout much of Southeast Asia, with leopard cat having the widest distribution and flat-headed cat the most restricted. We estimated that mtDNA sequences of these three species diverged from a common ancestor only 3.95 MYA, making it one of the most recent felid lineages (Table 3) .
a Phylogenetic trees were derived from three methods: (NJ) the minimum evolution method estimated by the neighbor-joining algorithm from Kimura distances (value from 100 bootstrap iterations), (MP) the maximum parsimony method estimated from a heuristic search (value from 100 bootstrap iterations), and (ML) the maximum likelihood method. Unless otherwise noted, one individual was used from each species and spotted hyena and mongoose were used as outgroups (as in Fig. 1 ). Groups labeled "no" were paraphyletic for that analysis. Marbled cat and pallas cat are not included in this list. Three-letter species codes are defined in Table 1 . Numbered notes: ~Determined with the subset of individuals used in Fig. 2 . 2Determined with the subset of individuals used in Fig. 3 . 3Determined with the subset of individuals used in Fig. 4 
Caracal Group
Phylogenetic analyses of sequences from caracal (Caracal caracal) and African golden cat (Profelis aurata) formed a well-supported clade with each of the methods (86-99% bootstrap support) (Figs. 1, 6 ), but the species sequences were distantly related (43 bp and 6.45% difference) (Table 3) . Phylogenetic association of caracal and African golden cat was also suggested from albumin immunological distance, allozyme genetic distance, and 12S rRNA and cytochrome b sequence data (Collier and O'Brien 1985; Janczewski et al. 1995; O'Brien et al. 1987) . However, these analyses also associated golden cat with several, an association not reproduced in this study (see below).
Geographically, caracal and African golden cat have adjacent, but nonoverlapping ranges, with caracal occupying drier woodlands and steppe of Africa and parts of the Middle East, west to northwest India, and African golden cat inhabiting mostly the moist forests of West and Central Africa (Nowak'q991) . The ancient roots of this clade are supported by 3-5 MYA caracal fossils (Savage and Russell 1983; Turner 1987) . We estimate that caracal and African golden cat mtDNA genes last shared a common ancestor 4.85 MYA (Table 3) .
Bay Cat Group
Sequences from bay cat (Pardofelis badia) and Asian golden cat (Profelis temmincki) showed a distant relationship (63 bp and 9.23% difference) (Table 2 ), but formed a moderately well supported monophyletic clade with 65% and 94% bootstrap support in neighbor-joining and maximum parsimony analyses, respectively, and good support in the maximum likelihood analyses (Figs.  1, 6 ). Although Asian golden cat has traditionally been suggested to be closely related to African golden cat based on morphological traits, phylogenetic analyses of 12S rRNA and cytochrome b sequence data also revealed that these two species were distantly related and that African golden cat had a clearer affinity with caracal (Janczewski et al. 1995 
Unaligned Species
Analyses of 16S rRNA and NADH-5 sequences demonstrated a weak association between rusty-spotted cat (Prionailurus rubiginosa) and serval (Leptailurus serSl14 val) with neighbor-joining (68% bootstrap support) and maximum parsimony analyses (5 I% bootstrap support) (Fig. 6 ). These two species are not closely related, however (57 bp and 8.39% difference) (Table 2) , and their association has not been confirmed by other molecular studies. Considering the two gene segments separately, the alignment of the two species is weakly supported by the 16S rRNA gene segment but not by the separate NADH-5 analysis. Finally, there are two chromosome differences between serval and rusty-spotted cat (Modi and O'Brien, 1988) . For these reasons, their weak association reported here was considered tentative. Classifications of these two species based on morphological data have been inconsistent. Salles (1992) proposed rustyspotted cat formed a clade with Andean mountain cat and pampas cat and Hemmer (1978) allied rusty-spotted cat to fishing cat, Asian leopard cat, and fiat-headed cat.
Pallas cat (Otocolobus manul) and marbled cat (Pardofelis marmorata) sequences did not consistently associate with any other field species in the global (Fig. 1) or local ( Fig. 3 ) phylogenetic analyses. With the combined and 16S rRNA data, pallas cat aligned weakly with members of the Panthera genus while NADH-5 data suggested it was an early divergence of the domestic cat lineage. Masuda et al. (in press ), using cytochrome b data, suggested that pallas cat was an early divergence within the domestic cat lineage; however, 12S rRNA analysis did not affirm this association. Pallas cat has also been placed within the domestic cat lineage based on albumin immunological distances (Collier and O'Brien 1985) had similar karyological traits (WursterHill and Centerwall 1982) . Mitochondrial RFLP data suggested pallas cat was a distantly related member of the domestic cat lineage (Johnson et al. 1996) . From this evidence, we included pallas cat sequences in our analyses of the domestic cat lineage (Fig. 3) . These results suggest that if pallas cat fails in this lineage, it is clearly the most ancient divergence. When pallas cat was constrained to combine with the other species of the domestic cat lineage (as in Fig. 1 analysis) , the maximum parsimony tree was only four steps longer than the unconstrained tree of 969 steps.
Marbled cat has previously been proposed to align with Lynx species based on albumin immunological distance (Collier and O'Brien 1985) , allozyme genetic distance (O'Brien et al. 1987), karyology (Wurster-Hill and Centerwall 1982) , and, to a limited extent, by 12S rRNA and cytochrome b gene sequences (Janczewski et al. 1995) . With 16S rRNA and NADH-5 combined analyses, marbled cat did not align with any other species (Fig.  1) . When marbled cat was constrained to combine with the Lynx group, the maximum parsimony tree was 17 steps longer than the unconstrained shortest tree of 696 steps. When it was constrained to the puma group, however, the maximum parsimony tree was only four steps longer.
Separate Analyses with 16S rRNA and NADH-5 Mitochondrial Genes
The utility of the 16S rRNA and NADH-5 gene segments for resolving the relationships among the Felidae varied depending upon the phylogenetic method and the group of species being examined (Table 4) . 16S rRNA sequences provided better support than NADH-5 for several clades including the puma subgroup and the Asian leopard cat group. NADH-5 provided more support for other clades such as the association of Asian golden cat with bay cat and the pairing of caracal with African golden cat. Combining the sequences of 16S and NADH-5 gene segments consistently increased support for the eight proposed groups (Table 4) . Compared with other mitochondrial genes, 16S rRNA and NADH-5 have been estimated to be evolving at 0.56% base-pair divergence/MY and 0.71% base-pair divergence/MY, respectively (Lopez et al. submitted) . The phylogenetic patterns resulting from our analyses are generally consistent with those derived from other mitochondrial genes, as discussed above. The improved resolution (based on higher bootstrap values) from our sequence data compared with 12S and cytochrome b sequences (Janczewski et al. 1995; Masuda et al. in press) resulted from the more rapid evolution of 16S rRNA and NADH-5 genes and the longer sequence analyzed. From our results, 16S rRNA and NADH-5 genes appear to be most useful at resolving recent (2-5 MY) radiations and were unable to resolve more ancient relationships (6-12 MY), such as the hierarchy of phylogenetic divergence among the eight felid groups plus the four unpaired species.
Several relationships among the Felidae remain unresolved. These include the hierarchical relationships among the eight groups of cats presented in this paper and the placement of the pallas cat, marbled cat, Andean mountain cat, Chinese desert cat, Iriomote cat, rustyspotted cat, and several relative to these groups. Within the proposed clades, the relationships among big cats of the Panthera genus remain unresolved and the large divergence among tigrina from different regions of South America needs further scrutiny.
